ABSTRACT
High density chromosome-wide maps of linkage disequilibrium (LD) are presently being constructed with the aim of elucidating patterns of ancestral recombination and selection and facilitating the identification of disease genes for complex traits in humans (Cardon and Abecasis, 2003) . These large-scale maps are seen as key components of future population-based studies of common diseases (Gibbs et al., 2003) . Evaluating trait associations in the context of the local LD is already becoming an essential feature in association studies, as interpreting the correlations between markers helps to interpret observed patterns of marker correlations with disease, identify efficient sets of 'tagging' markers (Goldstein et al., 2003; Johnson et al., 2001) and design more focused studies (Zondervan and Cardon, 2004) . The added LD information should help to reduce the over-and mis-interpretation of association results that have been a serious hindrance to past studies (Weiss and Terwilliger, 2000) .
There are many statistical measures of LD (Weir, 1996) . Nearly all the LD measures used in complex disease association studies are based on pairs of markers, such as the popular D and r 2 metrics. Newer methods have recently been developed to provide direct estimates of recombination rates between loci (Li and Stephens, 2003; McVean et al., 2002) , * To whom correspondence should be addressed.
which are complementary to pairwise LD and relevant for disease gene mapping as well as for evolutionary inference and population comparisons.
Visualization of LD patterns, in the form of colour-coded pairwise matrices [e.g. GOLD (Abecasis and Cookson, 2000) ] or coloured images of the diagonal and near-diagonal elements of a matrix (Dawson et al., 2002) have become commonplace (Walsh et al., 2003) , as it is very difficult to critically interpret large matrices of LD coefficients in text form. However, because there are a large number of LD measures, each of which has a different set of assumptions and properties and thus provides a different overview of the data, manual evaluation of many different plots is required to obtain an accurate and consistent interpretation. This practice is inconsistent and subjective. Moreover, some of the measures have recognized biases (Weiss and Clark, 2002) and in publications it is often only possible to present one such plot (usually based on D estimates). This limits the interpretability of each study and may lead to discrepancies between studies.
We have developed a three-dimensional (3D) graphics package, GOLDsurfer, that can accommodate multiple matrices of different pairwise LD measures. The program extends the 2D view in GOLD (Abecasis and Cookson, 2000) to show multiple LD measures in 3D. In addition, it allows presentation of measures relating to the diagonal of the matrix such as allele frequency, recombination rate or disease association significance as a ribbon over the 3D profile. The program is designed flexibly so that the different dimensions reflect the different statistical measures across the same region. For example, Figure 1 contrasts the traditional 2D view of colour-coded LD in a genetic region (panel A), with a 3D view in which the D statistic is shown in terms of colour and the corresponding χ 2 -statistic is depicted in peak amplitude (panel B). Panel C superimposes recombination rate estimates as a ribbon over the LD plot. Within this general framework, a variety of different measures can be plotted simultaneously (e.g. D , r 2 , χ 2 , P -value, recombination rate, association test-statistic) or, alternatively LD measures from different populations can in an illustrative genomic region using the traditional GOLD-based matrix colour coding method (Abecasis and Cookson, 2000) . (B) Depicts the same region in 3D, plotting the χ 2 -value for each pairwise value in amplitude and D in colour. The program allows pairwise values to be plotted as colour and height, using a variety of different colouring schemes. The ribbon in (C) incorporates estimates of recombination rate between adjacent pairs of markers [here, calculated using the PHASE program (Stephens et al., 2001) ]. The ribbon function can display any values for markers on the matrix diagonal, such as disease association statistics, allele frequencies, Hardy-Weinberg outcomes and missing data proportions. be evaluated simultaneously. This allows one to view, for example, the effects of allele frequency on LD measures or the similarity/differences of recombination rate estimates and LD. The java toolkit in which the program was constructed provides a number of colouring schemes and allows mousebased rotation of the image. In the simplest application, the image can be laid flat to produce a 2D image equivalent to that in 2D displays such as the popular GOLD program ( Figure 1A versus Figure 1B and C).
GOLDsurfer allows real-time inclusion/exclusion of markers by direct selection from a menu which displays the allele frequencies, Hardy-Weinberg statistics and physical map location of each marker. Selection of markers on the menu automatically highlights or excludes those in the 3D display. This may be used for example, to examine LD between markers with only common or rare alleles, to exclude those from outside a specific region of interest, or to emphasize particular variant types. If DNA sequence and gene coordinates are 3D view of linkage disequilibrium available (directly from Ensembl or the NCBI database), the program has an associated popup that provides views of the coding regions and single nucleotide polymorphism (SNP) locations. The popup is linked to the 3D view, so that selection of specific SNPs on the gene-viewer results in highlighted areas of the 3D plot, and vice versa.
Although the visualization in GOLDsurfer is more flexible than the standard 2D displays, the differences between GOLDsurfer and conventional arrays are not limited to flexibility or convenience: visual examination of multiple measures simultaneously can alter interpretation of trends in the data. For example, the D measure ranges from 0-1 to reflect the magnitude of LD. Although values near 1.0 reflect high correlations between markers, they also arise when one of the alleles is rare. In this case, 2D plots show high apparent LD which is actually the result of allele frequency, not marker correlation. By displaying D together with the P -value or χ 2 , the rare-allele effects are minimized, and only the significant LD becomes apparent (the variance of the estimates would be ideal in this case, but these are unavailable for some LD measures such as D ). This enhancement is shown in the colour dimension of Figure 1A and B, where it may be seen that high and significant LD is only apparent in two main quadrants, whereas many regions which are non-significant but have high D are streaked throughout the image. Consideration of the D measure alone (bright colours) would have suggested that specific markers have long range LD which are, in fact, mostly due to sampling effects.
